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ABSTRACT

A disk drive information storage device having a pair of
disks for storing information, the storage device including a
clamp for mounting disks on a hub, the clamp including an
annular element having a first set of fingers extending from
the annular element in the first direction parallel to the
central axis of the annular element, the first set of fingers

providing a radial force on the inside edge of one of the
disks, and the clamp including a second set of fingers
extending from the annular element in a second direction
parallel to the central axis of the annular element and
opposite to the first direction, the fingers of the second set
being for imposing a radially force on an inside edge of a
second disk. In another embodiment, a disk drive informa
tion storage device with a pair of disks includes a spindle
motor having a rotor which includes a disk-shaped portion
having an outer diameter, and an upper surface for support

ing one of the pair of disks. A second one of the pair of disks
is connected to the rotor on a side of the first disk opposite
the spindle motor. A clamp having an outer diameter smaller

than the outer diameter of the disk-shaped portion of the
rotor is connected to a cylindrical portion of the rotor
between the first and second disk. An actuator is provided to
support first and second read/write heads, with the actuator
being movable to position the first and second read/write

heads such that the first read/write head reads information

from or writes information to a portion of a second surface
of the first disk between the outer diameter of the disk
shaped portion of the rotor and the outside diameter of the
clamp. In one embodiment, the disk drive information
storage device comprises a housing having a footprint that
includes a first dimension of about 35 mm. In another
embodiment, at least one of the disks of the pair of disks in
the disk drive information storage device has a diameter in
the range of from about 33 mm to about 34 mm.
23 Claims, 83 Drawing Sheets
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MCROMINATURE DISK DRIVE WITH
CLAMP HAVING FINGERS FOR RADALLY
POSITONING A PAR OF DISKS AND A
SPINDLE MOTOR PROVIDING A REDUCED

1.

2
device of small dimensions by its nature experiences less
absolute temperature induced physical dimensional dis
placements. High humidity, especially during storage con
ditions, can aggravate a phenomenon known as 'stiction'

DISK DRIVE HEIGHT

that occurs with conventional disk drives; the transducer

head clings to the smooth disk surface, which can stall the
spin motor and damage the heads.

This application is a division of application Ser. No.
07/766,480, filed Sep. 25, 1991, U.S. Pat. No. 5,379,171.
BACKGROUND OF THE INVENTION

O

1. Field of the Invention

This invention relates generally to rigid disk drives, and
more particularly to rigid disk drives for pocket, palm-top,
and laptop computers.
2. Description of Prior Art
The continuing trend toward smaller portable computers

5

has created the need for a new class of miniature information

storage devices. Portable applications for information stor
age devices have resulted in increasingly severe environ
mental and physical requirements. Small size, low power
consumption, environmental endurance, low cost and light
weight are characteristics that must co-exist in these appli
cations; they cannot be met by simple extensions of previous
technology.
Many examples of miniaturized reduced "footprint” disk
drives have been described in patents such as U.S. Pat. No.
4,568,988 to McGinley, et al, issued Feb. 4, 1986, Reex
amination Certificate (953rd), U.S. Pat. No. B14,568,988,
certificate issued Nov. 29, 1988, U.S. Pat. No. 4,933,785,

20

25

30

recording disk utilized in the device, described in McGinley,

disks utilized in the drive had a nominal diameter of 2.5

35

inches. The "footprint' (width by length measurement) of
40

45

at its leading edge, a write splice sub-field 2401, an auto
matic gain control (AGC) sub-field 2402, a sector mark

2405, a Gray code track number sub-field 2406, and a track
position sub-field 2407 followed by another write splice
sub-field. Servo field 2400 is preceded and followed by data
regions 2410 and 2411, respectively. As explained more
completely below, AGC sub-field 2402 is actually divided
into two parts. The first partis a write-to-read transition zone
and the second part provides the actual AGC data.
FIG.24B is a flat view of the magnetic dibits in one servo
data fields have the same general structure as illustrated by
the block diagram of FIG. 24A. FIG. 24C is the signal
pattern generated when the information in track 3 is read.
FIGS. 49A and 49B illustrate two- and three-disk embodi

ments of HDAs incorporating the prior art low-profile
architecture. The spacing between adjacent disks 4920 is
approximately two times the space trequired for a read/write
read, or 3.0 mm, to provide space for the two read/write
heads 4930 and 4931 disposed between the adjacent disks.
Thus, each additional disk 4920 increases the thickness of

the prior art HDA by 3.6 mm (two spaces t and 0.6 mm for
the thickness of the additional disk). Therefore, the thickness
50

of the two-disk, four-head HDA of FIG. 49A is approxi
mately 17.2 mm, and the thickness of the three-disk, six
head HDA of FIG. 49B is approximately 20.8 mm. Ferrite
shields 4940 are illustrated in both FIGS. 49A and 49B.
SUMMARY OF THE INVENTION

55

and small electronic devices, such as removable font car

tridges for laser printers, require a level of vibration and
shock resistance unobtainable with present large disk drives.
These new applications require equipment to survive fre
quent drop cycles that result in unusually high acceleration
and shock. It is well known that the force on an object is
directly proportional to its mass, therefore reducing mass is
an essential strategy for improving shock resistance.
Portable equipment also makes stringent demands on the
durability and stability of the storage equipment under
extreme dynamic, static, temperature and humidity stress. A

The servo field 100 is the same length and includes, starting

field in tracks 3 to 6 of the disk. The other servo fields and

the drive described in the above-noted Morehouse, et al.

patent was described as being 2.8 inches by 4.3 inches. That
is, the housing used to enclose the rigid disk drive was 2.8
inches wide and 4.3 inches long. A rigid disk drive of that
size is generally applicable to computers having a size of 8.5
inches by 11 inches by 1 inch. Another patent describing a
relatively small diameter disk was issued Jun. 18, 1991 to
Stefansky, U.S. Pat. No. 5,025,335. Stefansky describes a
2/2" form factor disk drive utilizing a single rigid disk
having a diameter of approximately 2.6 inches. However,
these products do not provide the combination of features
needed for "pocket,” “palm-top' and laptop computers.
History has shown that as disk drives become smaller and
more efficient, new applications and uses for disk storage
become practical. For example, using the disk drive as a
circuitboard assembly component requires further reduction
in the physical size of the storage device as well as unique
mounting strategies, issues addressed by this invention.
Use of disk drive storage devices in palm-top computers

consideration for portable devices. In fact, the weight of a
portable device is dependent on the total energy required to
meet operational mission time. For disk drive equipment
energy use is especially important during what is known as
standby or power-down modes. Low power consumption
also reduces parasitic heat, an important consideration in
compact electrical equipment. Reducing the diameter and
thickness of the information disk(s) can also provide sig
nificant reduction in power consumption during spin up.
Modern disk drive power management methods use intelli
gent decision strategies, evaluating disk drive usage patterns
to sequence power saving shut down features.
FIG.24A is a block diagram of a prior art servo field 2400.
sub-field 2403, an index sector identifier 2404, a defect bit

issued Jun. 12, 1990 to Morehouse, et al. The rigid magnetic
et al., had a diameter of approximately 3.5 inches. In the
Morehouse, et al. device described in that patent, the rigid

The greater the power consumption, the larger and heavier
the battery pack becomes. Hence, for a given operating time,
power consumption is a primary and unavoidable design

60

65

An object of the present invention is to provide a rigid
disk drive having reduced physical dimensions, but retaining
the storage capacity of larger disk drives, with minimized
power consumption and providing extreme resistance to
shock and vibration.

A further object of the invention is to provide a disk drive
having a 14 inch form factor. In accordance with the
invention, a rigid disk drive information storage device is
provided which has a base and cover, utilizes one or more
information storage disks having a diameter of approxi
mately 33.5 mm (14 inches) provides an information stor
age capacity of at least 20 Megabytes.

5,592,349
3

4

A disk drive in accordance with one embodiment of the

present invention has a length of approximately 51 mm, a
width of approximately 35 mm and a height of approxi
mately 10 mm in a stacked configuration with an associated
printed circuit board positioned beneath the disk drive.
Included is a disk spin motor internal to the housing, and a

entitled "Rotary Inertial Latch for Disk Drive Actuator',
may be utilized. Both of the foregoing applications we
hereby incorporated by reference in their entirety.
5

rotary actuator for positioning read/write transducer ele
ments over the surface of the disk for the recording and
play-back of digital information.
In accordance with another feature of the invention, in one

10

embodiment the transducer support arm of the disk storage
device includes a lift tab which, when operated with a cam,
provides a means to load or unload the head from the
spinning surface of the recording disk as described in
copending, commonly assigned U.S. patent application Ser.
No. 07/629,957 filed Dec. 19, 1990 by James H. Morehouse 15
et al., entitled “Rigid Disk Drive with Dynamic Head
Loading Apparatus', which is incorporated herein by refer
ence in its entirety. In addition, a small form factor disk drive
may not be able to produce enough torque to overcome 20
stiction because of the low supply voltage and miniature
spin motor component, thus making it impossible to start the
disk rotating. Other configurations may use conventional
contact start-stop head/disk interface methods.
In accordance with yet another feature of the invention, 25
the disk drive includes sampled servo fields pre-recorded on
each data track of the disk, which when read back uniquely
determine track position and address information as dis
closed in U.S. patent application Ser. No. 07/630,475, filed
Dec. 19, 1990 by John H. Blagaila et al. entitled "Servo 30
Field Scheme For High Sampling Rate and Reduced Over
head Embedded Servo System in Disk Drives', and assigned
to the assignee of present invention and incorporated herein
by reference in its entirety. Further, the disk drive in accor
dance with the present invention incorporates improvements
disclosed in co-pending, commonly assigned U.S. patent 35
application (SERVO II) Ser. No. 07/765,348 filed on Sep.
25, 1991 by Stephen Cowen entitled "Embedded Servo
System With Reduced Overhead', which serves to increase
the number of track following and spin motor servo samples 40
which may be taken per unit time, while allowing increased
information storage on a track without increased format
overhead. The Cowen application is incorporated herein by
reference in its entirety.
A further object of the invention is to incorporate an 45
improved track following servo system to minimize the
effect of mechanical resonances while permitting very high
track densities. This servo system, which is described in
copending and commonly assigned U.S. patent application
Ser. No. 07/766,478, filed Sep. 25, 1991, by Thomas B. 50
Andrews entitled "Adaptive Runout Compensation for Min
iature Disk Drives', incorporates feed-forward run-out com
pensation by microprocessor control. This application is
incorporated by reference herein in its entirety.
A further object of the invention is to provide a rigid disk 55
storage system which includes an inertia actuated latch
mechanism to prevent the actuator and magnetic transducers
from being moved from their parked position resulting from
subjecting the disk drive to severe non-operating shocks in
the plane of the disk. The inertially operated latch described 60
in copending, commonly assigned U.S. patent application
Ser. No. 07/629,929, filed Dec. 19, 1990, by James H.
Morehouse et al., entitled "Rotary Inertial Latch for Disk
Drive Actuator', now U.S. Pat. No. 5,189,576 issued Aug.
21, 1992 or the latch described and claimed in copending, 65
commonly assigned U.S. patent application Ser. No. 07/765,
353, filed Sep. 25, 1991, by James H. Morehouse et al.,

In accordance with yet another feature of the present
invention, the disk drive apparatus has a spin motor which
includes a stator having a plurality of windings and a rotor
having a plurality of magnetic poles. Stator windings consist
of two types, a first type for normal running of the motor and
a second winding type used during starting to increase
torque and further used during power down sequencing to
act as an electromotive force generator providing power to
the rotary actuator to unload the transducer elements from
the disk surface. When a disk drive operates in a continuous
start stop configuration, the electromotive force may be used
to park the heads in the landing Zone and provide rapid
electrodynamic braking of the spin motor to reduce wear and
damage to the head disk interface. This feature is disclosed
in copending, commonly assigned U.S. patent application
Ser. No. 07/630,110, filed Dec. 19, 1990, by James H.
Morehouse et al., entitled "Spin Motor For A Hard Disk
Assembly', which is incorporated herein in its entirety. An
alternative spin motor is described hereinafter in detail.
A further object of the present invention is to provide a
disk drive with a spin motor control system that includes a
back electromotive force commutation circuit using digital
techniques to generate commutation pulses, a start up circuit
for starting the spin motor, and a monitor circuit for deter
mining the motor spin direction and making corrections of
direction if necessary after a commutation occurs. The spin
motor control system preferred for use with the disk drive
system described herein is described in copending, com
monly assigned U.S. patent application Ser. No. 07/630,470,
filed Dec. 19, 1990 by Michael R. Utenick et al., entitled
"Spin Motor Control System for a Hard Disk Assembly',
which is incorporated herein by reference in its entirety.
Yet another object of the present invention is to provide
methods to reduce errors caused by spin motor induced
electromagnetic high frequency noise that causes interfer
ence with track position sampled data and read back signals.
A further object of the present invention is to provide a
low profile rigid disk drive having higher storage capacity
per volume of the housing than previously available. This
feature is disclosed in copending, commonly assigned U.S.
patent application Ser. No. 07/765,352, filed Sep. 25, 1991,
by James H. Morehouse et al., entitled "Architecture For
Low Profile Rigid Disk Drive', which is incorporated herein
in its entirety.
Another object of the present invention is to provide a
rigid disk drive with increased packaging density and
decreased height by placing electronic circuitry in the inte
rior free-volume of the disk drive housing, not swept by
elements of the actuator/transducer assembly.
A further object of the present invention is to reduce the
power consumed by the rigid disk drive by operating the
disk drive from a single low voltage supply, such as 3.0 volts
DC, rather than 5.0 volts or 12 volts, as is customarily
required, thereby allowing improved efficiency when used
as a battery powered device.
In accordance with another feature of the invention, a

digital electronic signal interface is provided for the head
disk assembly (HDA) whereby any analog disk drive sig
nals, such as track position servo and read/write signals, are
processed within the HDA and converted to digital form,
thereby eliminating low level analog signals, minimizing
effects of electrical interference and providing an ideal
connection means when the disk drive is used as a circuit
board component.
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FIG. 6E is a cross-sectional view taken along lines

Another object of the present invention is to provide a
removable disk drive storage system which includes an
improved shock mounting means as disclosed in commonly
assigned U.S. Pat. No. 5,149,048 issued Sep. 22, 1992, by

6E-6E in FIG. 6A,

FIG. 6F is a cross-sectional view taken along lines

6F-6F in FIG. 6A;

James H. Morehouse et al., entitled "Shock Absorbent

Mounting Arrangement for Disk Drive or Other Compo

nent' which is incorporated herein by reference in its

entirety.

In accordance with another feature of the present inven
tion, a disk drive is provided which includes an improved
disk clamp for retaining the disks securely mounted to the
spindle.
BRIEF DESCRIPTION OF THE DRAWINGS

Other objects and advantages of the invention will
become apparent from a study of the specification and
drawings in which:
FIG. 1 is an exploded perspective view of a rigid disk
drive in accordance with the present invention;
FIG. 2A is a top-plan view of one embodiment of a rigid
disk drive in accordance with the present invention;
FIG. 2B is a view taken along the lines of 2B-2B in FIG.
2A;
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20
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FIG. 9 is a circuit diagram of a spin motor drive circuit
utilized with one version of the present invention;

2A;

FIG. 2D is a top-plan view of an alternative embodiment
30

2D;

35

FIG. 3A is a top-plan view of a dynamic head loading
version of a disk drive in the course of the present invention;

FIG. 3B is a top-plan view of a contact start-stop version
of a rigid disk drive in accordance with the present inven

6D-6D in FIG. 6A,

FIG. 11, which is comprised of FIG. 11' and FIG. 11"
arranged as illustrated in Key To FIG. 11, is a block diagram
of the actuator driver and power-off unload circuit utilized

with the present invention;
FIG. 12A is an illustration of a typical sector utilized on

40

tion;

FIG. 3C is a top-plan, highly enlarged view of the inner
crash stop for a rigid disk drive in accordance with the
present invention;
FIG. 4 is a cross-sectional view taken along the lines 4-4
of FIG. 3B;
FIG. 5A is an exploded perspective view of the rotary
actuator portion of a version of the disk drive in accordance
with the present invention which utilizes dynamic loading
and unloading and includes an inertial latch;
FIG. 5B is an exploded, enlarged perspective view of the
rotary actuator portion of a rigid disk drive which utilizes the
contact start/stop head technology;
FIG. 5C is a perspective view of cam assembly 18;
FIG. 6A is a plan view of a load beam utilized in the
dynamic head-loading version of a disk drive in accordance
with the present invention;
FIG. 6B is a view taken along lines 6B-6B in FIG. 6A,
FIG. 60 is a view taken along lines 6C-6C in FIG. 6A,
FIG. 6G-1 is a top plan view of a portion of a load beam
used in the present invention;
FIG. 60-2 is a cross sectional view taken along lines
6C-2-6C-2 in FIG. 60-1;
FIG. 6D is a cross-sectional view taken along lines

FIG. 10 which is comprised of FIG. 10' and FIG. 10"
arranged as illustrated in Key To FIG. 10 is a block diagram
of the read/write circuitry utilized with the present inven
tion;

2D;

FIG. 2F is a view taken along the lines 2F-2F of FIG.

FIG. 6I illustrates the load beam in FIG. 6H, but in an

unloaded position;
FIG. 6J illustrates the flexure utilized to support the
read/write magnetic recording head on the lead beam;
FIG. 6Killustrates in plan view of the underside of a lead
beam in the contact start/stop version of the disk drive in
accordance with the present invention;
FIG.6L is a view taken along the line 6L-6L of FIG. 6K;
FIG. 7A is a combined electrical block diagram and
partial structural diagram of one embodiment of a disk drive
in accordance with the present invention;
FIG. 7B is a combined electrical block diagram and
partial structural diagram of a disk drive in accordance with
an alternative embodiment of the present invention;
FIG. 8 is a block diagram level circuit for the spin control
and drivers;

FIG.2C is a view taken along the lines of 2C-2C of FIG.

of a rigid disk in accordance with the present invention
which utilizes a resilient cover and a pluggable connector;
FIG. 2E is a view taken along the lines 2E-2E of FIG.

FIG. 6G is a top-plan view of a load beam used in the
dynamic head-load version of drive in accordance with the
present invention;
FIG. 6H is a view taken along lines 6H-6H in FIG. 6G
showing the load beam in the loaded position;

45

50
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a magnetic recording disk of the head disk assembly in
accordance with one version of the present invention;
FIG. 12B is a timing diagram of the window signals
produced by the programmable low-power timer circuit of
the gate array illustrated in FIG. 13;
FIG. 12C is a timing diagram of the window signals
produced by the digital demodulator & Gray code address
separator of the gate array circuit of FIG. 13;
FIG. 12D is a timing diagram of the window signals
produced by the digital demodulator & Gray code address
separator of the gate array circuit of FIG. 13;
FIG. 13 is a block diagram of a gate array circuit which
may be used with one embodiment of the present invention;
FIG. 14 is a block diagram of the A/D & D/A circuitry;
FIG. 15 illustrates in block-diagram form the gate array
circuit utilized in conjunction with the alternative servo
system, the servo pattern of which is illustrated in FIG. 12D;
FIG. 16 illustrates a disk drive that includes a disk having
the embedded servo system of this invention.
FIG. 17 is a linear representation of one embodiment of
the embedded servo field according to the principles of this
invention.

FIG. 18 illustrates one embodiment of a magnetization
pattern of the servo field according to the principles of this
65

invention.

FIG. 19 illustrates one embodiment of a signal trace
generated when the head is positioned over the track cen
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terline of the servo field according to the principles of this

FIG.50 illustrates a second embodiment of the invention.

invention.

FIG. 51A and 51B illustrate top and side elevational
views, respectively, of the inertial body in the embodiment

FIG. 20 is a timing diagram for signals used in conjunc
tion with the servo field of this invention.

of FIG. 50.

FIG. 21A to 21H are a scale drawing of the magnetization
pattern for one servo field of this invention that includes
timing information for the various signals used to detect the

latch of FIG. 50 is mounted on a disk drive.

servo information.

the sleeve in the inertial latch of FIG. 50.

FIG.22A to 22C illustrate the error immunity obtained in
synchronization using the principles of this invention.

FIG. 52 is an exploded view showing how the inertial

FIGS. 53A and 53B are top and side elevational views of
10

FIG. 23 is a cross-sectional view of one disk on which the

FIG.55 illustrates a third embodiment of the invention.

prerecorded interleaved embedded servo system of this
invention is used.

FIG. 24A is a linear representation of a prior art servo
field.

FIG. 24B illustrates a typical magnetization pattern for
the prior art servo field of FIG. 1A.
FIG. 24C is the signal trace associated with the magne
tization pattern for track 3 in FIG. 1B.

FIG. 25 is a block diagram of the adaptive runout com
pensation system of this invention that illustrates its rela
tionship with the servo compensator of the disk drive.
FIG. 26 is a detailed block diagram of the secondary servo
compensator of this invention.
FIG. 27A is an example of a position error signal.
FIG. 27B illustrates the position error signal after the
adaptive runout compensation method of this invention is
used to process the signal of FIG. 27A.
FIG. 28 is a flow diagram of the adaptive runout com
pensation method of this invention.
FIGS. 29A, 29B and 29C are top plan, bottom plan and
side elevational views, respectively, of an embodiment of a
clamp in accordance with the invention.
FIG. 30 is a detailed view of the fingers, nubs and
L-shaped legs in relation to a disk and a hub, when the clamp

15

20
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FIGS. 36, 37,38,39A, 39B,39C, 40A, 40B,40C, 41, 42A
50

FIG. 43 is a section view of an HDA incorporating an
architecture according to the present invention.
FIG. 44 is a plan view of the disk drive device of the

present invention.

FIG. 45 is a section view of a two-disk HDA according to
the present invention.
FIG. 46 is a simplified side view of a three-disk HDA
according to the present invention.
FIGS. 47A-47H are simplified side views of a various
prior art and present HDA embodiments.

position.
FIG. 60 illustrates the manner of mounting the inertial
DETAILED DESCRIPTION OF THE
INVENTION

Development and production of miniature laptop and
hand held computers is constrained by available disk drives
that are either too large, consume excessive battery power
(limiting computer operating mission time) or are not rugged
enough to withstand the demanding shock and vibration
in this invention, combining several unique features, pro
vides a solution to the need for a miniature rigid disk drive
information storage device with the performance and capac
ity previously available only in larger form factors. Present
2%", 3%" or even 1.8" form factor disk drives do not provide
the reduced power consumption or the shock and vibration
durability of the disk drive described herein.
Microminiature hard disk drive 1 in accordance with one

and 42B illustrate alternative embodiments according to this
invention.

of FIG. 55 is mounted in a disk drive.
FIG. 58 is a detailed elevational view of the inertial latch
of FIG. 55.
FIG. 59 illustrates the inertial latch of FIG.55 in a locked

requirements of portable operation. The disk drive described

a stressed and unstressed condition.

FIG. 34 is an overall cross-sectional view showing how a
disk is mounted with the clamp of this invention.
FIG. 35 is a graph illustrating the behavior of a clamp
according to this invention when subjected to a shock force.

FIGS. 56A and 56B illustrate top and side elevational
views, respectively, of the inertial latch of FIG. 55.
FIG. 57 is a detailed view showing how the inertial latch

latch of FIG. 55.

is in an unstressed condition.
FIGS. 31 and 32A and 32B are detailed views of the

fingers, nubs and L-shaped legs in relation to a disk and a
hub, when the clamp is in a stressed condition.
FIG.33 is a top view of the annular ring of the clamp in

FIGS. 54A and 54B are top and side elevational views of
the spring in the inertial latch of FIG. 50.

55

embodiment of the present invention is illustrated in FIGS.
1 and 2A-2C. A portion of the electronics for the rigid disk
drive is included internally of the case (or HDA) and a
second portion of the electronics is included on the printed
circuit board 2, best illustrated in FIG. 1. Referring to FIG.
2A, the approximate width of rigid disk drive 1 is 35 mm
(measured from peripheral edge 32 to peripheral edge 33)
and the depth of rigid disk drive 1 is approximately 50.8 mm
(measured from peripheral edge 34 to peripheral edge 35).
Thus, the footprint of rigid disk drive 1 is 35 mm by 50.8
mm. Various heights of the rigid disk drive may be utilized
to conform to desired standards, such as, for example, 6.3
mm, 10 mm, 12.7 mm, or 15 mm. Rigid disk drive 1 may be
utilized in a stacked configuration with printed circuit board
2, this configuration being illustrated in FIGS. 2A through

embodiments of HDAs incorporating a prior art low-profile

2C. In this stacked arrangement, the combined depth from
the top of rigid disk drive 1 to the bottom of printed circuit
board 2 is approximately 10 mm. The head disk assembly
portion of rigid disk drive 1 weighs less than 50 grams, has
a sealed conductive housing and cover, enclosing a single (as
shown in FIG. 1) or multiple rigid disks clamped to a
combined spin motor and spindle bearing assembly. The
spin motor uses flexible circuit interconnect means. Also
enclosed in the housing is a rotary actuator mechanism
comprising a bearing assembly, magnetic read/write trans

motor architecture.

ducers mounted on lead beams, a flexible circuit intercon

60

FIGS. 48A and 48B are side views of alternative embodi

ments of the present invention incorporating two- and three
disk structures.

FIGS. 49A and 49B are side views of two- and three-disk

65
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nect means, an actuator coil and permanent magnet struc
ture. The disk drive has operating shock limits of 10 G and
non-operating shock limits of 200 G.
Table 1 below indicates the specifications for micro

10
TABLE 2
Preliminary
Disk Specifications

miniature rigid disk drive 1 in a version utilizing a single
platter of magnetic media. The information in parenthesis in

Substrate
Material

Aluminum

OD

33.5.025 mm

ID

10,00---02 mm
-00 mm

the following table are for the translate mode (also known as

Thickness

0.445 0.02 mm

the emulation mode) for the drive.

Concentricity
Clamp Zone

0.025 mm

IR
OR
Glide Zone

5.3 mm
6.5 mm

IR
OR
Data Zone

6.8 mm
15.7 mm

IR
OR

9.4 mm
15.5 mm

Coercivity
BRT

1500 oe

10

TABLE 1.
Capacity

Per Drive

21.4 MegaBytes

Formatted

Per Track
Per Sector
Sectors Per Track

(8704 Bytes)
512 Bytes
(17)

Functional

Recording Density (BPI)
Flux Density (FCI)
Areal Density (MB/sq.in)

65,800
49,400
179

Performance

Reliability

Disks

1

Disk Diameter
Data Heads

33.5 mm
2(4)

Data Cylinders
Track Density (TPI)
Recording Method

(615)
2775
1,7RLL Code

Media transfer Rate

1.61 to 2.56 MB/sec

Interface Transfer Rate

Up to 4.0 MB/sec

Rotational Speed

3,571 RPM

Latency
Average SeekTime

8.5 ms
<20 ms

Track to Track Seek Time
Maximum Seek time

8 Ins
30 ms

Start Time (Typical)
Buffer Size

1.5 sec
32. Kbytes

Interface

ATIXT

MTBF

100,000 hours

Start/Stops

1,000,000

15

Glide Height

An inertial latch, which is described and claimed in

25

Error Rate
Startup Current

0.3 Amps
0.5 Amps

Spin-up
Idle
Read/WriteSeek

2.5 watts
0.8 watts
1.75 watts

Power Savings Mode
Standby Mode
Sleep mode

0.4 watts
0.030 watts
0.010 watts

Environ-

Temperature

mental

Operating
Nonoperating

35

5%

Startup Current
Typical Heat Dissipation

Relative Humidity
Maximum Wet Bulb

--5° C. to +55° C.
-40 C. to +70° C.

Operating
Nonoperating

45

0% to 90%

30° C.
50

10 G
200 G

Vibration (0 to peak)
Operating
Nonoperating

2G
10 G

55

Altitude

Physical

Operating

-1000 to 10,000 feet

Nonoperating (maximum)

40,000 feet

Stacked Configuration
(HDA & PCB)

10 mm x 4 mm x
50.8 mm

Low Profile

6.3 minx 35mm x

Configuration:

50.8 mm

Head Disk Assembly
(HDA with one disk)
Electronics Card (PCBA)

Weight

5 mm x 41 mm x
50.8 mm

<50 grams

3.0 volts or 5.0 volts, with the following 3 volt power
specifications:
Spin-up

2.5 watts

Idle

0.8 watts

ReadWriteSeek
40

non-condensing

Shock (11 ms)

vides a locking mechanism that does not increase actuator
frictional forces or require additional power to maintain the
actuator in the parked position.

Hard disk drive 1 operates with a single supply voltage of

<1 per 10 bits read

+3 VDC +5 V 5%
+5 VDC +5 V

commonly assigned U.S. Pat. No. 5,189,576, issued Aug.
21, 1992, by J. Morehouse entitled "Rotary Inertial Latch
For Disk Drive Actuator', which is incorporated herein by
reference in its entirety, is used to prevent the actuator/head
assembly from becoming dislodged while parked due to

high in-plane shock and vibrational forces. This latch pro

30

Unrecoverable Data

Power

10,000 G-uin.

1.8 in.

60

65

Power Saving Mode
Standby Mode
Sleep Mode

1.75 watts

0.4 watts
0.030 watts
0.010 watts

Referring to FIG. 1, spin motor 3 is of a low power design,
and is optimized for low voltage operation. A major problem
that must be solved relates to voltage head-room, which is
defined as: V headroom=(V supply-RPMXKe) where Ke
is in units of Volts/1000 RPM. In practice V supply is less
than the power supply voltage because of intrinsic and
irreducible switching transistor voltage losses and other
parasitic voltage drops, and required RPM is an independent
variable, given by elements related to information transfer
rates, access time and acceptable power dissipation consid
erations. Since the only available element design variable is
Ke, motor optimization must concentrate on this element.
Disk drive 1 employs spin motor 3 that incorporates a stator
having two sets of windings. The first set is used in normal
running and is optimized to have maximum operating effi
ciency with the available voltage overhead. The second set
of windings is used for two purposes, first to obtain sufficient
starting torque with the limited voltage overhead, the second
winding is operated in parallel with the first allowing the
effective ampere-turns to be increased without increasing
Ke, allowing rapid spin up from power saving sleep mode.
In the second configuration the first and second coils are
connected in series, to provide a back EMF generator during
power down to unload the magnetic heads from the surface

5,592,349
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of the disk and latch the actuator in the parked position. Spin
motor 3 may take the form of the spin motor described and
claimed in co-pending and commonly assigned U.S. patent
application Ser. No. 07/630,110 of J. Morehouse et al. filed
Dec. 19, 1990, entitled “Spin Motor for a Hard Disk
Assembly', which is incorporated herein by reference in its
entirety. A spin motor control system as illustrated and
described in co-pending and commonly assigned U.S. patent
application Ser. No. 07/630,470 of M. Utenick et al. filed
Dec. 19, 1990 entitled "Spin Motor Control System for a
Hard Disk Assembly', which is also incorporated herein by
reference in its entirety is desirably used in conjunction with
the above-described spin motor. The complex motor switch
ing task is incorporated in a unique motor commutating
integrated circuit. Further motor optimization can be accom
plished by increasing the diameter of the rotors and stator
which allows reducing the motor thickness as well as
achieving lower stator coil resistance.
Close proximity of the spin motor to the read-write heads
is inevitable because of the small dimensions of the disk
drive. Switching noise generated by the commutating of the
windings is a major source of high frequency interference.

10

15

20

When induced into the transducer heads, this noise results in

servo and information errors by interfering with demodula
tion of the servo and information read signals. This problem
is partially addressed by using ferrite shielding members,
having high permeability in the region of servo and read
signal frequencies, employed on the transducer heads and at

described hereinafter in FIGS. 6A through 6, may also be

25

30

Jitter, or rotational speed variation, is an important design
consideration caused by the reduced angular momentum of
the miniaturized recording disk. To minimize cogging the
number of motor phases can be increased to greater than
three or the number of poles can be increased, to 16 rather
than 12 for example. Other methods for reducing jitter
include closing the spin motor control loop with signals
derived from track following sampled sector servo data.
Methods which require increased servo sample rates are
undesirable if they reduce the disk drive formatted capacity,
significantly increase the complexity of the sampling system
or require the microprocessor controller to operate beyond
its available bandwidth. This invention employs an innova
tive servo system, described in detail below, which increases
the number of samples per second, providing improved error
immunity without increasing the servo overhead.
Reducing spin motor power consumption is a complex
problem. Three factors affect motor power efficiency. First,
the motor spindle bearing assembly must have very low
non-repeatable run-out, this generally requires the use of a
pre-loaded ball bearing cartridge. Friction in this type of
bearing is dependent on the amount of pre-load and the type
of non-migrating lubricant used. A second element of power
consumption is due to electrical losses in the motor. These
losses can be minimized by using of high energy, rare earth,
magnets and a low loss magnet and pole structure along with
low resistance stator windings. A third type of power loss is
due to windage losses caused by the spinning disk itself
resulting in heat generation by the Joule effect. This source
of loss can be minimized by using a single disk of reduced

35

40

45

In an alternative embodiment of the present invention,
microminiature hard disk drive 4 (illustrated in top plan
view in FIG. 3B) utilizes the contact start/stop technique in
which the heads are parked on a portion of the disk surface,
which ideally is not used for information storage, and which
also may be textured in order to minimize the clinging of the
heads to the disk. Implementations of this type are known as
contact start/stop operation whereby the transducer heads
land, take off and are parked on the disk surface as previ
ously mentioned.
Rigid disk drives 1 (FIGS. 1 and 3A) and 4 (FIG. 3B)
utilize embedded servo and a track following sampled servo
system designed to withstand increased shock and vibration
while making possible increased information track densities,
for example 3,000 tracks per inch, required to obtain the
information storage capacity found in larger disk drives.
Further, while more servo samples per second are required
to improve servo performance, increased servo overhead
cannot be allowed to significantly reduce usable storage
capacity. As previously mentioned, an improved servo pre
recorded pattern and demodulation scheme is employed that
increases the number of servo fields and information sectors

50

55

60

from 48 to 72 per revolution without increasing the relative
overhead. These and other improvements are possible by
using unique multi-function servo field mapping used in an
embedded servo system, which is described and claimed in
portions of the servo pattern layout illustrated herein in
FIGS. 12D. The entire servo system is described and
claimed in the above-mentioned U.S. patent application Ser.

No. 07/765,348, which is co-pending and commonly

assigned, which application is incorporated by reference in
its entirety.
According to the principles of this invention, a novel
embedded servo system is used in a disk drive 1600 (FIG.
16). The interface of a disk drive with a computer system

and in particular the electronics required in conjunction with

an embedded servo system to read and write data on disks
1601 in response to signals from a disk controller to inter

diameter, such as about 14" disk instead of a 2.5" disk,

rotating at the lowest practical speed.
Another method to reduce motor starting torque require
ments is to implement a method of dynamic loading and

assigned U.S. patent application Ser. No. 07/629,957 of J.
Morehouse et al. filed Dec. 19, 1990 entitled “Rigid Disk
Drive With Dynamic Head Loading Apparatus', which is
incorporated herein by reference in its entirety. An alterna
tive dynamic head loading structure, which is fully
utilized in hard disk drive 1.

critical locations in the HDA. Other methods such as sine

wave excitation, synchronous commutation and variable
slew rate excitation and synchronous servo demodulation
with precisely timed commutation also can be used to
minimize the generation unwanted noise spikes.

12
unloading the magnetic transducers from the surface of the
rotating disk whereby friction due to head disk contact,
found in conventional contact start-stop disk drives, is
eliminated. A further advantage of this method is elimination
of head disk “stiction' that can occur when the heads cling
to the disk surface stalling the spin motor or causing damage
to the head disk interface. Further, in order to minimize
battery power in portable computing equipment, disk drives
are subject to many more power-down and parking cycles
are experienced than is typically expected in larger systems.
Dynamic head loading and unloading provides increased
longevity of the head/disk interface by allowing more than
1 million power down cycles without degradation due to
friction and wear of the transducers and disk information
surface, compared with 20 thousand cycles for conventional
contact start-stop configurations. Rigid disk drive 1 may
utilize the dynamic head load/unload structure of the type
described and claimed in co-pending and commonly

face connection 1615 are known to those skilled in the art.
65

As illustrated in FIG. 16, disk drive 1600 contains one or

more circular planar disks 1601. Each disk is coated on at
least one side with a magnetic medium as on the prior art
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disk. Data are recorded by read/write head 1602 in concen
tric circular tracks on the disk, e.g. tracks 1621-i and
1621-(i+1). Corresponding tracks on different disk surfaces
are approximately cylindrically aligned.
Each track is segmented into one or more sectors SCT-01,
SCT-02, ..., SCT-n by prerecorded information in embed

ded servo field regions 1620-1 through 1620-n. Each servo

field region 1620-j where j=1,2,..., n, includes m servo

fields, where m is the number of concentric circular data
tracks on disk, i.e., one servo field in each data track at

10

position j for a total of nm servo fields per surface. In one

embodiment, as described more completely below, disks
1601 are 1.89 inches (48 mm) in diameter and have 632 data

tracks.

Unlike the prior art embedded servo systems where each

15

data field had a write-to-read transition region and each

prerecorded servo field had only one AGC sub-field, the
prerecorded embedded servo fields of this invention have
substantially enhanced the amount of AGC data available
without either increasing the servo field overhead or
decreasing the seek and track following performance of the
disk drive. This is accomplished by using various sub-fields

line waveform in sub-fields 1902 and 1903 in FIG. 19.
20

In addition to the novel servo field of this invention, the
25

as an AGC field for a second sub-field. Thus, the first

sub-field performs two servo functions simultaneously. Fur
ther, in one embodiment of the servo field of this invention,

the cylinder address sub-field and the position sub-field are
no longer adjacent to one another in contrast to the prior art

30

servo fields.

Servo field 1700, shown in FIG. 17, of this invention is a

full track address servo field. In a preferred embodiment,
servo field 1700 includes, in one embodiment, six sub-fields

35

which are: 1) a first automatic gain control recovery sub
field 1700; 2) an index/AGC sub-field 1702; 3) a cylinder

address/AGC sub-field 1703; 4) a sector mark sub-field
1704; 5) a second automatic gain control sub-field 1705; and
6) a position sub-field 1706.
A typical magnetization pattern 1800 for each of the

40

sub-fields of servo field 1700 is illustrated in FIG. 18. In
45

magnetization pattern 1800 for servo field 1700 when the

AGC depends solely on sub-fields 1702 and 1703. FIG. 19

illustrates waveform 1901 generated by magnetic pattern
Index/AGC sub-field 1702 is 9 bits in length in this
embodiment. Index/AGC sub-field 1702 contains three bits

50

drawn to scale and described more completely below.
FIG. 19 illustrates a typical waveform 1900 generated by

read/write head is precisely on the track centerline. Wave
form 1900 is also explained more completely below. FIGS.
18 and 19 illustrate several important aspects of this inven
tion. First, the magnetization pattern is continuous between
tracks. The continuity provides reliable AGC data during

except following a write, as described more completely
below. The use of the write-to-read recovery field for AGC
data aids in providing additional AGC margin without
increasing the servo field overhead. While the prior art servo
field 2400 included AGC data in the write-to-read recovery
field, the AGC data was not utilized. Consequently, the prior
art failed to recognize the advantages gained through the use
of the write-to-read recovery field for AGC. AGC sub-field
1701 (FIG. 17) is in this embodiment four bits in length
where one bit corresponds to the first time period T1.
Hereinafter, a reference to the length of a servo pattern
sub-field in bits means a time period equal to time period T1.
The “bit” used in defining the sub-field length should not be
confused with a data bit. As explained more completely
below, index/AGC sub-field 1702 and cylinder address/
AGC sub-field 1703 provide both index and cylinder address
information concurrently with AGC data. First AGC sub
field 1701 provides additional AGC margin. In another
1801 in first AGC sub-field 1701.

to that shown. As is well-known to those skilled in the art,

the magnetization pattern works equally well in either
polarity. A detailed expansion for one track of magnetization
pattern 1800 is illustrated in FIGS. 21A to 21H, which are

write-to-read recovery field at the end of each data region is
utilized for additional AGC data in all modes of operation

embodiment, first AGC sub-field 1701 is not utilized and

FIG. 18, the direction of rotation of the disk is shown and

four arbitrary tracks are shown and arbitrarily labeled as
"cylinder 0” to "cylinder 3.” The polarity of the magneti
zation pattern in FIG. 18 is illustrative only of one embodi
ment of the invention and is not intended to limit the polarity

Conversely, if the positive peak occurs at or after three
quarters of period T2, the data is a Zero. Zero data pulses are
indicated by the broken line waveform in sub-fields 1902
and 1903 in FIG. 19.

within the servo field of this invention for two functions

concurrently, as described more completely below.
Briefly, a first sub-field provides data for positioning the
read/write head and the first sub-field is simultaneously used

14
e.g., the signal trace goes from a positive peak to a negative
peak, the negative peak is used to generate a clock pulse.
Following a clock pulse, data is recorded in a second time
period. The second time period is T2. Thus, the combination
of a clock pulse and a data bit is repeated in the pattern with
a period of period T1 plus period T2. In this embodiment,
clock pulses are negative pulses and data pulses are positive
pulses. The polarity of the clock and data pulses is arbitrary
and either polarity will work so long as the clock pulses and
the data pulses are of opposite polarity.
The trace of the data pulse within second period T2
determines whether the data represents a logic one or a logic
zero. Specifically, the location of the positive peak within
period T2 determines whether the data is a one or a zero. If
the positive peak occurs before three quarters of period T2,
the data is a one. One data pulses are indicated by the solid

55

of data. Unlike prior art index sub-fields that were used to
identify only one sector in each track, according to the
principles of this invention, index/AGC sub-field 1702 is
used to uniquely identify each sector in the track, as
explained more completely below.
When the index is lost, index/AGC sub-field 1702 is used

to reestablish the index as each subsequent index/AGC

sub-field 1702 passes under read/write head 1602. There
fore, the index is typically established after at most three
sectors and usually only two sectors have passed under
60

read/write head 1602. If the track has 72 sectors, this means

seeks when the read/write head is off a track centerline.

that the index is established on the average within about 1/32

Second, all patterns that provide AGC data and position
sub-field 1706 have two time periods, i.e., time period T1
and time period T2, where time period T1 is defined as the
time interval from a peak of a first polarity to a peak of a
second polarity. Time period T2 is an integer multiple of
time period T1. If two peaks occur in the first time period,

of a revolution of the disk.

Prior art systems required waiting on the average for
one-half revolution of the disk until the sector with the index
65

mark passed under the read/write head. Therefore, index/
AGC sub-field 1702 enhances the capture of the index
reference and thereby reduces the rotational latency, i.e., the
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time spent waiting to re-establish index, over the prior art
index sub-field.

Further, index/AGC sub-field 1702 provides a uniquely
is used for a servo pattern integrity check during seeks, as
explained more completely below. Waveform 1902 is an
example of the signal generated by magnetic pattern 1802 in

identifiable field for each track sector so that sub-field 1702

index/AGC Sub-field 1702.

Cylinder address/AGC sub-field 1703 includes a Gray
code full track address. In this embodiment, cylinder
address/AGC sub-field is thirty bits in length. The use of
Gray code track addresses is fundamentally the same as in
the prior art systems. However, as explained more com
pletely below, the Grey code sequence is frequency modu
lated and this modulation is an important aspect of this
invention because the Gray code is used for AGC as well as
for determining the track address. Waveform 1903 illustrates
the possible signals generated by magnetic pattern 1803 in
cylinder address/AGC sub-field 1703.
Sector mark sub-field 1704 is 18 bits in length. As the
name suggests, sector mark sub-field 1704 is used to pre
cisely identify, i.e., mark, the circumferential location of

10

Herein, a normal frame refers to a frame that is recorded
15
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of normal frames. To assure that the difference of the
25

bit error.

The fully DC erased gap in sector mark sub-field 1704 is
used to provide a readily identifiable region for (i) initiation
of synchronization and (ii) capturing the track address in the
electronic circuitry. Therefore, failure to provide a DC
erased gap of sufficient length introduces problems when
ever a single bit error occurs in cylinder address/AGC
sub-field 1703 next to the longest gap in sub-field 1703. As
illustrated in FIG. 19, the signal generated by this gap is a
null signal.
Following the DC erased gap in sector mark sub-field
1704 is a first synchronization bit 1804A that generates a
first synchronization pulse 1904A. The first synchronization
bit is followed by a second DC erased region of about five
bits in length. A second synchronization bit 1804B follows
the second DC erased region. The length of the second DC
erased region is selected to allow sufficient time between the
generation of two synchronization pulses 1904A and 1904B
so that the two pulses can be distinguished under the timing
variations that may result either from the loss of a clock
pulse or the loss of a data pulse in cylinder address sub-field
1703.

As explained more completely below, a novel detection
method is used so that if first synchronization (sync) pulse
1904A is missed, sync timing is obtained from second sync
pulse 1904B. The ability to obtain sync timing from either
pulse in sector mark sub-field 1704 enhances the perfor
mance of this disk drive over disk drives with prior art
embedded servo systems that utilized a single sync pulse.
After sync timing is obtained, only position sub-field
1706 is needed to complete the servo operations. Reading of
position sub-field 1706 requires the most accuracy in AGC..
As explained more completely below, the AGC level
obtained from sub-fields 1702 and 1703 should be adequate
for precisely reading position sub-field 1706. Nevertheless,
to assure precision, second AGC sub-field 1705 is provided,
which is twelve bits long in this embodiment. Waveform
1905 is generated by magnetic pattern 1805 in second AGC
Sub-field 1705.

in half-track positions and a pair of normal frames include
one frame with the region above the center line of the track
recorded and another frame with the region below the center
line of the track recorded. A frame is an arbitrary unit of
measure and is simply used to define the various portions of
position sub-field 1706 which is 39 bits in length. The two
frames in a normal pair of frames need not be directly
adjacent to each other. For example, a quadrature frame may
be interposed between the two frames that constitute the pair

readback signals gives position information relative to the
track centerline, the normal frames change polarity in adja

each sector in the track. The first eleven bits in sub-field

1704 are a fully DC erased gap. The important aspect of the
fully DC erased gap length is that the length is longer than
the longest gap in cylinder address/AGC sub-field 1703
when the longest gap is bounded on either side by a single

16
Position sub-field 1706 is used to precisely center the
read/write head on the track. Thus, cylinder address/AGC
sub-field 1703 is a course indication of radial position of the
read/write head and position sub-field 1706 is a fine radial
position indicator. In this embodiment, position sub-field
1706 includes an equal number of normal and quadrature
frame pairs with the frame pairs interleaved. The peak
amplitudes in position sub-field 1706 are sampled and held
by the disk drive electronics in a manner similar to prior art
disk drives. The peak amplitudes are electronically averaged
to obtain a radial positioning error signal.

30
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cent tracks.

A quadrature frame is a frame in which the information is
recorded in the on-track position and is either present or
missing, in this embodiment. A pair of quadrature frames
include one frame with the on-track position magnetized and
another frame with the on-track position unmagnetized. The
two frames in a quadrature pair of frames are preferably
separated by a normal frame. Also, the quadrature frame

polarity is opposite in adjacent tracks.
FIG. 18 illustrates a magnetization pattern for one
embodiment of position sub-field 1706 that consists of an
equal number of normal and quadrature servo frame pairs. A
first normal frame Nais followed by a first quadrature frame
Qa. Quadrature frame Qa is followed by a second normal
frame Nb which in turn is followed by a second quadrature
frame Qb. The four frames Na, Qa, Nb, Qb form a cell that
is repeated two more times to form a three cell position
sub-field 1706 with a total of twelve frames. The twelve

45
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frames include three pairs of normal frames N1, N2, N3, and
three pairs of quadrature frames Q1, Q2, Q3. Each frame
includes either a pulse pair or no pulses.
The disk drive electronic circuitry inverts the negative
pulses in the normal frames Na and Nb and adds them
together. The electronic circuitry samples the height of the
resulting positive peak from the normal frames and the
height of the positive peak from the quadrature frames. The
average of the three peaks from the three cells is used to
generate the position error signal in a matter well known to
those skilled in the art.
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An important aspect of this invention is that the position
data in position sub-field 1706 contains frequencies common
to the sub-fields used to obtain the AGC level. Specifically,
pulse pairs are written with period T1 and are spaced apart
from each other by at least period T2. The frequency content
of position sub-field 1706 closely matches that of the AGC
sub-fields and provides increased margin for the separation
and proper detection of Quadrature and Normal position
pulse information. If position pulses are separated by at least
period T2, the effects of intersymbol interference are mini
mized.

Signal 2009 (FIG. 20) is timed from the sync pulse of the
current sector and is used to capture each Quadrature and
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Normal position pulse. The window, i.e., the low portion of
signal 2009, has a width of time T2 and the time between
windows is time T1. Position sub-field 1706 provides highly
accurate track following information.
Position sub-field 1706 is only illustrative of one embodi
ment of a position sub-field suitable for use in the servo field
of this invention and is not intended to limit the invention to
the particular embodiment described. Other position sub
fields suitable for use in this invention are described in the
copending and commonly assigned U.S. patent application
Ser. No. 07/630,475 entitled "Servo Field Scheme for High
Sampling Rate and Reduced Overhead Embedded Servo
Systems in Disk Drives,” of John H. Blagaila et al. filed on
Dec. 19, 1990, which is incorporated herein by reference.
A summary of the length for servo field 1700 of this
invention is given in Table 1.1. For comparison, the length

18
sub-field 1703 have been chosen so that the frequencies are
very similar to the frequencies of data region 1710, i.e.,
periods T1 and T2 are used in cylinder address/AGC sub
field 1707. Similarly, index/AGC sub-field 1702 is also
written using these periods so that the three data bits can be
read and stored even though sub-field 1702 occurs almost
immediately at the start of servo field 1700.
10

write head 1602 is first demodulated.

15

of servo field 2400 is also estimated. The unit of measure

preferably supplied to disk drive microcontroller 1610 as
parallel data. Consequently, the serial data signal from

period of time from a peak of one polarity to a peak of a
20

and the index/AGC sub-field 1702.

Prior Art

Sub-field

Servo Field 1700

Length Sub-field

Length

Write-to-Read
AGC
Sector Mark
Index 1

-27 Write-to-Read
-36
-21 AGC I
-2 Index/AGC

37

Defect
Cylinder Address

-2 Cylinder Address/AGC
-25 Sector Mark

30
18

-2 AGC II

12

Position
TOTAL

-28 Position
-143 TOTAL

39
149

25 % AGC (w writelread)
(who writefread)

25

4
9.

Index 2

% AGC (36/143)

read/write head 1601 for servo field 1700 is deserialized

with a shift register that contains two more bits than the
number of data bits in cylinder address/AGC sub-field 1703

TABLE 1.1
Servo Field 2400

Since the data is written in a frequency modulation
format, as described above, any common frequency
demodulation circuit may be used. In addition, the data on
disk 1601 and consequently the data provided to or from
read/write head 1602 is serial data. However, the data is

chosen for comparison is a bit as defined above, i.e., the
second polarity.

Also as explained above, clock pulses have a first polarity,
e.g., negative, and data pulses have a second polarity that is
different from the first polarity, e.g., positive. To read and
save the index and cylinder address, the signal from read/

30
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The ratio of the length of AGC data to the total servo field
length is significantly greater according to the principles of
this invention even though the total servo field length is
substantially the same as the prior art servo field. As

explained above, the enhancement in the amount of AGC
data is achieved by using several sub-fields for two servo

40

functions concurrently.
In this embodiment, the frequencies of the information in
the servo sub-fields used for AGC and another function

concurrently are preferably selected from within a band
width of frequencies that are common, or as near to common
as possible to every data region on the disk. For example in
one embodiment, the slowest data frequencies correspond to
periods in the range of 144 nanoseconds to 576 nanoseconds
while the fastest data frequencies correspond to periods in
the range of 92 nanoseconds to 384 nanoseconds. Thus, the
two zones have a common range of 144 to 384 nanoseconds.
For this range, first time period T1 was selected as 208
nanoseconds and second time period T2 was selected as 416
nanoseconds. This range of periods trades better resolution
for slightly poorer AGC control. Further, period T1 is
common to the periods in both data Zones.
As indicated above, index/AGC sub-field 1702 and cyl
inder address/AGC sub-field 1703 are used as AGC data for

position sub-field 1706. Use of cylinder address/AGC sub
field 1703 as both an AGC sub-field and a cylinder address
sub-field concurrently requires that the gain transition from
data region 1710 to cylinder address/AGC sub-field 1703 is
small so that only a small AGC adjustment is at most
necessary for reading the cylinder address. Accordingly, the
frequencies for the Gray code in cylinder address/AGC
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The shift register is enabled prior to the start of index
sub-field 1702. The precise time that the shift register is
enabled is not important so long as the shift register is
enabled early enough to allow for any timing variations so
that no data bits of the index and cylinder data are lost. In
this embodiment, the signals from read/write head 1601 are
applied to the shift register at about 6,667 nanoseconds after
the start of write-to-read recovery area 1712. (See FIG.
21B).
The serial data signal from read/write head 1601 is first

demodulated by the frequency demodulator circuit. The

output signal from the frequency demodulator circuit is the
input signal to the shift register.
Since index sub-field 1702 and cylinder address sub-field
1703 are both written with frequency modulation that begins
with a negative pulse and is followed by a positive data
pulse, i.e., a pulse pair, the negative pulse is used as a clock
bit so that servo pattern 1700 in these sub-fields is self
synchronizing. Thus, the negative pulses (clock pulses) are
used to initiate a clock signal that clocks the index and
cylinder data through the shift register. This clock signal is
resynchronized after every clock pulse generated by servo
field 1700. The period of the clock signal is period T1 plus
period T2.
Each data bit is clocked into the shift register and then
serially shifted through the shift register. When a data bit
reaches the end of the shift register, the data bit is shifted out
of the register. Consequently, when DC erased gap is
reached, the shift register contains the track address and
index.

55
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Since index/AGC sub-field 1702 and cylinder address/
AGC sub-field 1703 are self-synchronizing, a data bit would
normally be lost if either a clock bit or a data bit is dropped
when reading these sub-fields. In this embodiment, when a
data bit is missed, the subsequent clock bit is also lost.
However, the shift register clock signal is allowed to run for
one cycle without receiving a clock pulse from servo field
1700. Specifically, the previous clock pulse from servo field
1700 is used as a reference. However, if a second consecu

65

tive clock pulse from servo field 1700 is missed, the shift
register clock signal is shut down.
The free running clock signal provides some timing
robustness because the missed data bit had a fifty percent
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probability of being a zero. Thus, clocking a zero through
the shift register in response to a missing data bit or clock bit
in servo field 1700 results in eliminating an error fifty
percent of the time on the average.
When the DC erased gap begins, the shift register clock
signal continues for two extra cycles and then stops. The
shift register contains two extra bits so that the last bits
clocked in by the two extra clock cycles are ignored. The
other bits in the shift register contain the index and track

address. After the DC erased gap is detected, the data is held
in the shift register and the clock signal is disabled. The
index and gray code read circuitry is turned off and the
thirteen bits for the index and track address read from servo
field 1700 are stored.

TABLE 2.1-continued
Sector
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

5

10

15

The three index bits represent a number between 0 and 7.
The sequence of index numbers in the sectors is used as a
course indicator of the circumferential position of the read/
write head. In this embodiment, the sequence of index
numbers are the same for each track on the disk and are

20

stored in firmware that is used by the disk drive micropro
cessor. In one embodiment, the sequence is given in Table
2.1.

TABLE 2.1
Sector

25
Index
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Index

After an index is stored in the shift register, the micro
processor saves the index. After the microprocessor saves
the index for the adjacent Sector, the microprocessor can
determine the circumferential position 76% of the time from
the two index numbers. Specifically, the microprocessor
compares the two index numbers with the data in Table 2.1

to ascertain the sector number. However, if the two stored
index numbers are the same, a third index number is

required to identify the coarse-circumferential position of
the read/write head. Thus, on the average 2.24 sector reads
are required to determine sector location. Hence, establish
ing index does not require waiting for one predetermined
sector to pass under the read/write head as in the prior art but

rather, index is always established within three sector reads.
In addition, index data provides an integrity check on the
servo pattern during seeks in addition to those described
more completely below. Herein, an “integrity check” means
a check to establish that the servo pattern is read correctly.
If for some reason the servo timing is lost or perhaps a data
bit is dropped, the servo pattern may be read incorrectly.
For example, during a seek read/write head 1601 may
jump a variable number of tracks between servo sectors.
Thus, the microprocessor only knows that the cylinder
address should be within some range of tracks, but this is not
sufficient for an accurate servo pattern integrity check. In
contrast, the index of this invention provides an integrity
check after reading at most three servo sectors.
Specifically, the microprocessor reads the index for two
servo sectors and uses Table 2.1 to project the index for the
next servo sector if the two sector index values are different.

If the two sector index values are the same, a third index
55
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value is read and Table 2.1 is then used to project the index
for the next servo sector. The microprocessor compares the
projected index with the next index read. If the next index
read and the projected index are the same, the first integrity
check of the servo field pattern has been verified. Using this
process during seeks, enhances the seek performance of the
disk drive by providing a warning of a potentially bad servo
pattern. Thus, the index from index/AGC sub-field 1702
serves a dual function, i.e., coarse circumferential position
ing and servo field integrity check. The use of sub-field 1702
for these two functions, plus the AGC function provides a
significant amount of data without increasing the servo
overhead.
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In prior art systems, a dedicated set of bits were some
times used as an integrity check but these bits provided
neither any information about individual sectors nor AGC
level. The dedicated set of integrity bits was often times the
only qualifier of a good servo field. Consequently, a single

sector mark sub-field 1704 in the previous servo sector field
1700. AGC hold signals, after sync is established in the
current sector, are timed from the current sector. Of course,
this applies only to AGC sub-field 1705, which is not used
if sync is not established, i.e., the sector is not found.
Specifically, windows 2002A and 2003A are timed for sync

bit error in the prior art dedicated set of integrity bits caused
an increase in servo field sync loss or error rate.
According to the principles of this invention, the integrity
check of index/AGC sub-field 1702 is only one of several
integrity checks. Thus, if the index integrity check is bad, the
additional servo zone integrity checks, described below,

in the current sector so as to capture the AGC data in AGC
Sub-field 1705.

10

determine whether the servo information should be used or

only a part of it should be used. Mother important point is
that thc loss of any one integrity check does not result in the
loss of sync, whether it be the sector address (index), or
cylinder address, sync missing, or sector window misalign

15

field is available for AGC whenever the disk drive is not in
write mode. There are at least three instances when the AGC

ment, that are described more completely below. A single

bad integrity check only generates a warning that the servo
pattern is not pristine and should be treated accordingly.
For example, the write operation is the most dangerous
mode of operation in the instance of an erroneous servo
sector. Thus, in performing writes if any one of servo
integrity checks fails, typically, the write operation should
stop immediately and report an error so that a reread of the
servo field and a rewrite may be attempted. Conversely, in
idle mode, if any one of the integrity checks fail, no
additional action is typically taken except perhaps some
additional monitoring to see if the error repeats excessively
in which case the sector may be flagged as a bad sector.
Since the index/AGC and cylinder address AGC sub
fields 1702, 1703 are self-clocking and therefore do not
require a synchronization (sync) pulse for timing, these
sub-fields may be positioned before sector mark sub-field
1704. As described above, sub-fields 1702, 1703 function as

index and cylinder address sub-fields as well as an AGC
sub-field. However, additional AGC margin is provided by
supplying first AGC sub-field 1701.
First AGC sub-field 1701 along with index mark sub-field
1702 and cylinder address sub-field 1703 is sufficient AGC
data for accurate reading of both sector mark sub-field 1704
and position sub-field 1706. Note, as explained above,
second AGC sub-field 1705 is provided, in one embodiment,
to provide additional AGC margin for position sub-field
1706.

The index bits are only needed (i) in the early stages of the
disk drive initialization, (ii) for servo field integrity checks
during seeks, or (iii) when the index is lost, i.e., the index
bits are required only when the index is being established or
verified. In each of these cases, the disk drive is not in a write

mode, and so write-to-read recovery field 1712 at the end of
the data region 1710 is not needed for write-to-read recovery
and thus can be used for AGC data for reading the index bits.

20

25

Another important aspect of servo field 1700 of this

invention is that data are ordered from the least correct AGC
level needed to the most correct AGC level needed to assure

accurate reading of the servo data. Consequently, the servo
pattern starts with bits that do not contain data, followed by
index bits, which are read with the use of the write-to-read
30

recovery field for AGC, the Gray code in cylinder address
sub-field 1703, sector mark sub-field 1704, and position
sub-field 1706. This ordering of sub-fields assures that each

sub-field is read with the necessary AGC level to assure
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reliable operation.
Signals 2002 and 2003 (FIG. 20) indicate the AGC hold
signal for the write mode and all other modes, respectively.
While the AGC hold signal is active, e.g. high, the current
AGC level is held. When the AGC hold signal is inactive,
e.g., low, the data being read is used to adjust the AGC level.
Signals 2002 and 2003 show that sub-fields 1702, 1703 and
1705 are used for AGC data as well as write-to-read recov
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ery area 1712 except in write mode. Time zero in FIG.20 is
about 188 microseconds after the first sync pulse in the
previous servo field. The adjustment of AGC level based
upon AGC data is known to those skilled in the art.
After obtaining a good AGC level from write-to-read
recovery region 1712 in all cases except following a write
and from sub-fields 1701 to 1703, the disk drive read

50
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protect the bits residing in write-to-read recovery field 1712,

a servo field write protect signal 2001 goes active at about
one microsecond after the start of the write-to-read recovery
region and remains high until the next data region begins.
In FIG. 20, servo field write protect signal 2001, write
mode AGC hold signal 2002, AGC hold except for write
mode signal 2003, syncl. sector reference window 2006 and
sync2 sector reference window 2008 are timed, typically
using counters, from the synchronization pulse generated by

data in write-to-read recovery field 1712 is used. These
include (i) when the index bits are read to establish the
index; (ii) in pulse power mode, i.e., disabling the read
channel over the data regions, where the AGC value is lost
between servo fields; and (iii) in a seek, where there are no
data under the read/write head.

In write mode, sectors are counted to keep track of sector

number and cylinder addresses are read so as to insure that
data is written in the proper location.
Consequently, additional AGC data for index sub-field
1702 is provided in write-to-read recovery field 1712. To

The time length of each of the servo sub-fields, the data
region, and the write-to-read recovery region are known.
Accordingly, the delay time after the previous sector syn
chronization pulse until a particular signal changes state is
easily determined by simply counting the time that has
passed since the previous sector synchronization pulse.
Since the integrity of the write-to-read recovery field 1712
is protected by servo zone write protect signal 2001, this
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channel is prepared to detect the first synchronization
(sync) pulse 1904A and second synchronization (sync2)
pulse 1904B generated by sector mark sub-field 1704.
If one of syncl pulse 1904A and sync pulse 1904B is
miscaptured, servo information following sector mark sub
field 1704 is either lost or corrupt. It is important therefore
to have immunity to errors in detecting the sync pulse and
a method of detecting an incorrect sync pulse. Servo field
1700 of this invention has immunity to erroneous sync pulse
generation or capture as well as a means for detecting an
incorrect sync pulse.
With respect to error immunity, there are two types of
servo field read errors, missing bits and extra bits. Immunity
to a single bit error is an important aspect of this invention.
If the sync pattern in sector mark sub-field 1704 is suscep
tible to single bit errors, the sync pattern can be expected to
be lost at the error rate inherent to the technology used. In

disk drives, this error rate is typically 1 in 10'.
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If it is possible to design a sync pattern, i.e., a sector mark
sub-field, that is only susceptible to errors of two or more
bits then the immunity to errors increases dramatically. In
disk drives, the error rate for two independent errors is the
square of the single bit error rate. Using 1 in 10' for the
error rate of a single bit, a sync pattern that requires two

5

independent bit errors results in an error rate of 1 in 10'

(since the errors are independent events their probabilities
multiply). Thus, if the sync pattern is immune to two
independent bit errors, errors occur 10 billion times less
frequently.
To obtain sync to the disk, an area prior to the actual sync

O

bit location must be identified so that the hardware that

triggers on the sync pulse can be set up. The area that is
identified is the DC erased gap in sector mark sub-field
1704. Specifically, the distance between pulses in servo field
1700 is monitored and when no pulses are detected for a
predetermined period of time, typically about two micro

15

seconds in this embodiment, hardware is enabled to detect

the sync pulse.
Consequently, the DC erased gap must be neither falsely
identified by the occurrence of a missing bit in cylinder

address sub-field 1703, nor missed due to an extra pulse in
the DC erased gap in sector mark sub-field 1704. To permit
larger spin speed variations without losing the sync timing,
i.e., miscapturing the sync bit, the hardware that detects the
DC gap is energized early in cylinder address/AGC sub-field
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1703.

Specifically, DC gap search window signal 2004 goes
active at about 13 microseconds after the start of write-to
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read recovery region 1712. (See also FIG. 21D). DC gap
search window 2004 remains active until about 19 micro

seconds to account for spin speed variations. The DC erased
gap length must be chosen to be longer than any naturally
occurring DC erased gap bounded by a single missing bit
error, as described more completely below.
Since DC erased gap detection is started in cylinder
address/AGC sub-field 1703, it is important that the quali
fication length for the DC erased gap is longer than any
normally occurring DC erased gap within the Gray code
track address. In addition for missing bit immunity, the DC
erased gap must be longer than the longest normally occur
ring DC erased gap that can be produced in the Gray code
by the occurrence of one missing bit, i.e., longer than the
longest normally occurring DC erased gap that can be
produced by the occurrence of one missing bit in the servo
sub-field immediately preceding the DC erased gap. Con
sequently, the DC erased gap is in the range of 3*TDC to

36*TDC and is preferably about 10*TDC where time TDC
is 166.667 nanoseconds in this embodiment and is the length
of the clock cycle used to increment the DC gap counter.
Notice that period TDC is eight-tenths of period T1.
After the Gray code address is read, the DC erased gap
must not be corrupted by an extra pulse that effectively hides
the DC erased gap. The DC erased gap begins with the last
negative pulse of the Gray code address and ends a prede
termined time following the absence of negative pulses.
Positive pulses are ignored.
The read channel only permits positive pulses to follow
negative pulses and so if an error occurs, the read channel
permits only a positive error puise to propagate through after
the last negative pulse of the cylinder address field. Since
positive pulses are not detected when measuring the DC gap,
a positive error pulse has no effect. Thus, the DC gap is
immune to single bit errors that generate a positive pulse
following the last negative pulse in cylinder sub-field 1703.
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After the DC erased gap is detected, one of two sync
pulses 1904A and 1904B must be accurately detected. As
explained above, the sync pulse identifies the precise cir
cumferential location of the sector on the track. If a spurious
pulse is qualified as the sync pulse, subsequent servo, read,
and writing timing signals are likely to be erroneous. Con
sequently, a part of the servo field may be overwritten by a
write operation and this would ruin the disk drive until the
disk embedded servo pattern was reconstructed at the fac
tory.

Thus, according to the principles of this invention, a novel
method that compensates for (i) a single bit error in the
magnetization pattern, (ii) spin motor speed variations and
(iii) normal sampling variations is used to qualify the
synchronization pulse. Briefly, first synchronization pulse
1904A must be located within a first window 2005A refer

enced to the start of the DC erased gap, referred to as the
syncl DC reference window, and a first window 2006A
referenced to the synchronization pulse for the immediately
preceding sector, referred to as the sync sector reference
window.

If first sync pulse 1904A is coincident with both windows
2005A, 2006A, first sync pulse 1904A is qualified and used.
If the first synchronization pulse 1904A is coincident with
window 2005A, but not with window 2006A the first sync
pulse 1904A is still qualified and used. However, an error is
reported which implies a error in spin speed or a possible
erroneous sync pulse.
If first sync pulse 1904A does not align with either
window 2005A, 2006A, it is ignored and synchronization
may still be established with second synchronization pulse
1904B using substantially the same criteria for windows
2007A and 2008A that was described above for syncl pulse
1904A with regard to windows 2005A and 2006A.
Synchronization may be achieved with either first or
second synchronization pulses 1904A, 1904B. If first sync
pulse 1904A is qualified, second sync pulse 1904B is
ignored. To further explain the novel synchronization
method, the criteria for locating the various windows, the
width of the windows, and the elimination of spurious or
missing pulses is described more completely below using
FIGS. 21A to 21H. Herein, a reference to a window being
open refers to the width of the window.
In FIGS. 21A to 21H, similar features have the same base
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reference numeral followed by a letter corresponding to the
letter designating the figure. Rows 2152A to 2252H are one
continuous radial magnetization pattern for a representative
servo field 2700 of this invention. Servo field magnetization
pattern 2252A to 2252H is broken into several pieces for
ease of presentation only. Rows 2252A to 2152H represent
a period of time equal to 333.3333 nanoseconds
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(8*41.66667) nanoseconds. Thus, the end of period 24 in
row 2252B corresponds to about 8000 nanoseconds. Rows
2155E to 2258E and 2155F to 2158F represent clock inter
val TDC used to increment the DC gap counter. In this
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period in row 2152. The reference numerals in the six
hundreds in FIGS. 21A to 21H represent the time of the
corresponding edge or feature in FIG. 20.
The use of a particular time in the Figures is illustrative
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embodiment, each clock interval TDC is one-half the time

only of one embodiment of the invention. The important
aspect is not the actual time values, but as explained more
completely below, the relative relationship of the various
regions in the servo field and timing of the signals used to
capture the information in the servo field.
Leading edge 2005A-L of syncl DC reference window
2005A is selected assuming that the last bit in the Grey code
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cylinder address is properly read. As illustrated in FIG.22E,
the DC gap counteris reset by the negative pulse with a peak
at the end of time period 49 in row 2151 E. The DC gap
counter is incremented by each of the clock ticks corre
sponding to the periods in row 2155E. When the DC gap
counter reaches the count "11', as explained above, the DC

erased gap is qualified and so hardware to generate syncl
edge, i.e., the start of period 12 in row 2155E, leading edge
605A-L is triggered. Hence, syncl DC reference window
2005A starts immediately, i.e., opens, after the DC erased
gap is qualified.
The width of sync DC reference window 2005A is
selected to assure proper reading of the position data in
position sub-field 1706 if syncl pulse 1904A falls within
window 2005A, i.e., syncl pulse 1904A occurs while win

26
+0.2%. For these values, window width W2 is calculated as
0.93 microseconds. Hence, the width of window 2006A and
2008A was selected as one microsecond which is substan

tially equal to width W2. Window width W2 is centered
about the point where the synchronization pulse would be
located if the spin motor speed was in fact a constant, i.e.,
about 233 microseconds after the previous synchronization

DC reference window 2005A is enabled. On the next clock

pulse.
As illustrated in FIG. 21F, the negative sync1 pulse starts

10
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dow 2005A is open. As explained above, each pulse pair in
position sub-field 1706 has a period of T1 and pulse pairs are

spaced apart from each other by a period of T2, where
periods T1 and T2 were defined above and period T2 is twice
period T1. Hence, in this embodiment, if syncl pulse 1904A
falls within a window that is about 3*T1 in width, the
position pulses in sub-field 306 are still correctly detected.
Since period T1 is 208 nanoseconds, sync DC reference
window 2005A is preferably less than 624 nanoseconds in
width. Thus, the width of sync1 DC reference window
2005A was selected as 500 nanoseconds, i.e., three DC gap
counter clock periods TDC wide, as shown in row 2155E.
In addition to assuring proper detection of the position
data, this width window also compensates for normal varia

tions in sampling the start of the DC erased gap. There may
be up to one clock pulse delay in sampling the start of the
DC erased gap in which case the DC gap counter would be
incremented as shown in row 2156E. In this case, sync1 DC
reference window 2005A would start one DC gap clock
cycle later, but window 2005A is still three clock periods
TDC wide. Hence, as shown in FIG. 21E, first sync mark
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1904A.

Even when sync is not established on syncl pulse 1904A,
sync may still be established with sync2 pulse 1904B. As

explained above, to obtain sync from sync2 pulse 1904B,

30

achieved.

The second qualification is derived from the previous
synchronization pulse. As indicated above, the distance
between synchronization pulses is a precise circumferential
distance so that the time period between sync pulses is
known. Thus, a counter could simply be started and when
the counter reached the time interval between synchroniza
tion pulses, circuitry is enabled to capture the next sync
pulse. However, this assumes that the spin speed of the disk
is an unvarying constant. In fact, the spin speed varies about
the specified speed "S" by an amount EV. Thus, to allow for
spin speed variation, a window with a width W2 is selected
where width W2 is given by:
W2=(120/S)*(1/(No. of sectors/track))*(V100)
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when the last Grey code bit is lost, window 2007A overlaps
with the sync1 DC gap reference window 2005A when a
sampling error occurs in determining the start of the DC
erased gap as illustrated in rows 2156F and 2157F. Thus, as
illustrated in FIG. 21F, the leading edge of the window is at
18.5*TDC which in this embodiment is about 3,083 nano
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seconds after the start of the DC erased gap. In one embodi
ment, the DC gap counter is used to generate a signal at
18*TDC that in turn generates window 2007A.
The width of window 2007A is selected so that sync2 DC
gap reference window 2007A extends at least one clock
period TDC after the peak of sync2 pulse 1904B when the
last bit in the Grey code cylinder address is lost. Thus, as
shown in FIG. 21F, the window extends from 18.5*TDC

seconds to 25.5*TDC after the start of the DC erased gap
when the last bit in the Gray code cylinder address is
dropped or missing as shown in row 2157E. Thus, sync2 DC
gap reference window 2007A is 7*TDC seconds wide, e.g.,

S is the spin motor speed in revolutions per minute
V is allowed variation in spin motor speed expressed in
percent.

described above for syncl sector reference window except
the window is centered about second sync mark 1804B
which is about 233 microseconds after the second sync mark
in the previous sector.
The leading edge and width of sync2 DC gap reference
window 2007A are selected by considering the reasons why
first sync pulse 1904A may be missed. If the last bit in the
Gray code cylinder address is dropped or missing, the DC
gap counter is started as shown in row 2157E, or in row
2158E with a sampling error. Consequently, sync1 DC gap
reference window 2005A occurs to early. To capture sync2
pulse 1904B, the tolerances on sync2 DC gap reference
window 2007A are greatly relaxed.
In this embodiment, window 2007A is started so that

where

In this embodiment, speed S is 3571 rpm. The number of
sectors per track is seventy-two and speed variation V is

pulse 1904B must be coincident with sync2 DC gap refer
ence window 2007A. The location and width of sync2 sector
reference window 2008A are chosen in the same manner as

1804A falls within the window that is enclosed in box
2005A.

Thus, the first requirement for qualification of first sync
pulse 1904A is that the pulse occur with a first predeter
mined time after a selected reference point in the servo field,
i.e., the start of the DC erased gap. However, another
qualification is also used to assure that proper timing is

at synchronization mark 1804A which is 56.25 time periods
(row 2151F) after the start of write-to-read recovery region
1712. Therefore, first syncl sector reference window is
centered about this point and so starts at 55.75 time periods
and ends 58.75 time periods after the start of write-to-read
recovery region 1712, where the time period is 333.33
nanoseconds.
First sync pulse 1904A is not accepted unless it falls
within sync DC gap reference window 2005A. An error is
reported if it does not also fall within sync sector reference
window 2006A. For example, if an error causes the DC
erased gap to be prematurely detected, sync pulse 1904A
would still be within syncl sector reference window 2006A,
but not within syncl DC gap reference window 2005A
which would have occurred at a much earlier time. Conse
quently, sync is not established in this case by sync1 pulse
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about 1,167 nanoseconds.

Row 2155F illustrates the location of sync2 DC gap

reference window 2007A when the start of the DC erased
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gap is detected normally. Row 2156F illustrates the location
of sync2 DC gap reference window 2007A when the start of
the DC erased gap is detected following a sampling error and
row 2158F illustrates the location of sync2DC gap reference
window when the start of the DC erased gap is detected
following a sampling error and when the last bit in the Gray
code cylinder address is dropped or missing. In each of these
cases, sync2 pulse 1904B falls within sync2 DC gap refer
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FIG. 23 is a cross-sectional view of a disk on which the

prerecorded embedded servo system of this invention is used
in one embodiment. Inter radius IR of the disk data is about
13.4 mm and outer radius OR of the data area is about 22.1

mm. Hence, the data area DA of the disk including guard
bands at the inner and outer radii is about 8.7 mm. The disk

has a density of about 40,000 bpi and 1550 tracks per inch.
The disk is mounted on a hub with a radius HR of about 6

ence window 2007A.

When sync2 pulse 1904B falls within sync2 sector refer
ence window 2008A and sync2 DC gap reference window
2007, sync is established. However, since a error must occur
to not sync on sync pulse 1904A, an erroris flagged and the
write mode of operation is inhibited in one embodiment. If
sync is obtained on sync1 pulse 1904A in the next sector,
operation continues normally. However, after a predeter
mined number of consecutive syncs on sync2 pulse 1904B,
typically three or four, a problem clearly exists and the disk

10

In prior art systems, if sync was lost on the sync pulse,

20

touched at a radius TNR of about 22.7 mm.
5

drive must be resynchronized.

resynchronization was necessary. However, the use of the
novel method described above maintains sync even when
sync on sync1 pulse 1904A is lost. Consequently, this
method enhances operation of the disk drive over prior art
systems. Specifically, FIGS. 22A to 22C illustrate in more
detail the robustness of sync operation using the method of

25

this invention.

In FIG. 22A, sync1 pulse 1904A is missing. However,
sync2 pulse 1904B is coincident with sycn2 DC gap refer
ence window 2007A and sync2 sector reference window
2008A. Thus, sync is obtained with sync2 pulse 1904B.
When sync is obtained from sync2 pulse 1904B, processing

is transferred to a point in hardware so as to compensate for
the time difference between sync pulse 1904A and sync2
pulse 1904B.
In FIG.22B, the last bit in the Gray code cylinder address
is missing and so the DC erased gap is qualified prematurely.
Consequently, sync DC gap reference window 2005A
occurs early and coincidence is not obtained between sync1
pulse 1904A and the two windows 2005A and 2006A.
However, sync is maintained by capture of sync2 pulse
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Another qualification of the sync timing is a measure of
the accuracy with which the index and cylinder addresses
are read sector to sector. If the index or gray code data bits

are determined incorrect, the sync is suspect and appropriate
action taken, e.g., a flag is set to indicate that if errors persist
in subsequent sectors reading the index and gray code data
bits, corrective action is required.

50

The use of the two windows in synchronization provides

an easy means to provide further power reduction for a disk
drive and maintain synchronization. Specifically, either the
counter used for the sync DC gap reference window or the
counter used for the sync sector reference window may be
programmed to count for two sectors rather than one so that
sync is established only for every other sector. This would
permit the read channel to remain inactive over the servo
field for the skipped over sector and thereby reduce power
consumption. The extension to skipping 2, 3, 4, or even an
arbitrary number of sectors follows the same principle and
requires only an appropriate adjustment of the counters
used. Hence, only a subset of the servo fields in a track are
read thereby reducing power consumption when the disk
drive is idle.

Alternatively, the servo system described and claimed in
co-pending and commonly assigned U.S. patent application
Ser. No. 07/630,475 of J. Blagaila et al. filed Dec. 19, 1990
entitled "Servo Field Scheme For High Sampling Rate',
which is also incorporated herein by reference in its entirety,
may be utilized in practicing the present invention.
Another problem with track following servo systems

employed in high density disk drives is what is known as
settling time, defined as the time after arrival on track when
the transducer head position is centered on the track. Com
mon practice has been to use a fixed timer to delay the onset
of writing until a time greater than the worst case settling
time has elapsed. Since many track seeking operations use
short seeks resulting in rapid servo settling time, unneces
sary delays can occur when reading or writing information.
This problem is particularly severe when the disk drive is
subjected to severe shock while reading or writing informa
tion resulting in unacceptably slow recovery time. This
problem is addressed by incorporation of an adaptive
method whereby the servo system determines, by way of
preset limit conditions, if the transducer is on-track and
settled within acceptable limits. Further advantages of this
method are that the position servo stiffness, which is deter
mined by the servo gain and bandwidth, can be reduced in
order to avoid excitation of mechanical resonances that

1904B.

FIG. 22C illustrates an extraneous positive pulse which
has no affect on the windows. Consequently, sync is
obtained from sync pulse 1904A.

mm. Inner crash stop ICS is at about a radius of 12.7mm and
is nominally touched at a radius ICS of about 13.1 mm.
Loading/unloading ramp 1603 (FIG. 16) is nominally

occur in conventional systems. Other adaptive means to
improve track following without requiring increased servo
bandwidth and sample rate are run-out and thermal com
pensation by microprocessor control.
Disk drives that employ an embedded sampled servo
system cannot read or respond to track position information
while writing contiguous sectors of information without
significant overhead. The present invention incorporates
Staggered servo patterns, a dual read channel, and provisions
for a head on another disk surface to read and supply data to
the track following servo system. This method results in
improved track following accuracy, noise immunity and spin
motor velocity control.
According to the principles of this invention, a novel disk
runout compensation system, which is described more com
pletely below, is used in a miniature disk drive 1600 (FIG.

16). Disk drive 1600 contains one or more circular planar
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disks 1601. Each disk is coated on at least one side with a

60

magnetic medium as in the prior art disk. Data are recorded
by read/write head 1602 in concentric circular tracks on the
disk, e.g. tracks 1621-i and 1621-(i+1). Corresponding
tracks on different disk surfaces are approximately cylindri
cally aligned.
Each track is segmented into one or more sectors SCT-01,
SCT-02, ..., SCT in by prerecorded information in embed
ded servo field regions 1620-1 through 1620-n. Each servo
field region 1620-ji where j=1,2,..., n, includes m servo
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fields, where m is the number of concentric circular data
tracks on disk, i.e., one servo field in each data track at

position j for a total of nm servo fields per surface. In one
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that is generated using position error signal 1699 for sector
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embodiment, as described more completely below, disks
1601 are 1.89 inches (48 mm) in diameter and have 632 data

"i-1' to create a runout compensated actuator signal 2521

tracks.

for sector 'i'. Here 'i' is a sector number. Hence, the runout

The interface of disk drive 1600 with a computer system
and the electronics required in conjunction with an embed
ded servo system to read and write data on disk 1601 in
response to signals from a disk controller to interface

compensation is fed forward when microcontroller 1610
provides runout compensated actuator adjustment signal
2521 to the servo system. The servo system, using the
information from servo compensator 2510 and secondary
servo compensator 2500, continuously maintains read/write

connection 1615 are known to those skilled in the art. The

radial and circumferential positioning of read/write head
1602 using embedded servo data and a servo system is also
well known. In this particular system, the servo system
includes R/W preamp 1605, combined read/write circuit

head 1602 over the desired track centerline independent of
O

1606, actuator A/D and D/A circuit 1612, actuator driver

circuit 1613, gate array 1611, and microcontroller 1610.
In addition, microcontroller 1610 has access to memory
1650 for storing and retrieving data. Upon power-up of disk
drive 1600, firmware for a proportional integral difference
(PID) servo compensator, seek control, and a secondary

15

servo compensator of this invention in ROM 1609 is loaded

into microcontroller 1610. In this embodiment microcon
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troller 1610 is a 46100(HPC+) microprocessor supplied by
National Semiconductor of Santa Clara, Calif.

The servo compensator in microcontroller 1610 receives
a digital position error signal for a sector in the track and
determines the position correction needed to position read/
write head 1602 over the centerline of the track for that

sector. The position correction is used to generate a servo
compensation signal for that sector. The servo compensator
applies a gain factor to the servo compensation signal to
create a digital actuator position adjustment signal for that

30

Sector.

Microcontroller 1610 sends the digital actuator position
adjustment signal to a D/A converter that resides in actuator
A/D and D/A circuit 1612. The actuator position adjustment
signal is processed and applied to the actuator in a conven
tional fashion. This process is sequentially repeated for each
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the offset of the center of disk 1601 from true center of
rotation 1630.

Unlike prior art systems, that required multiple revolu
tions to generate a runout correction and was useful only
upon start-up of the disk drive before a read or a write was
performed, secondary servo compensator 2500 continuously
monitors the position of disk 1601 relative to true center of
rotation 1630 and generates runout compensation signal
2501 while disk 1601 is being used. Since runout compen
sation signal 2501 is generated during operation of miniature
disk drive 1600, the adaptive runout compensation is trans
parent to the user.
Index and sector processor 2530 provides secondary servo
compensator 2500 sector number 2531 over which read/
write head 1602 is positioned and a revolution number 2532.
One embodiment for encoding the index and sector data in
the embedded servo field for uniquely identifying each
sector and rapidly establishing index is disclosed in copend
ing, commonly assigned, and concurrently filed herewith
U.S. patent application No. 07/765,348 entitled "An Embed
ded Servo System For Low Power Disk Drives' of Stephen
Cowen, which is incorporated herein by reference in its
entirety.
FIG. 26 is a more detailed block diagram of secondary
servo compensator 2500. Secondary servo compensator
2500 includes a runout analyzer 2610 and a runout com
pensation generator 2620 that each receive sector number

sector in a track.

2531 and revolution number 2532 from index and sector

Disk 1601 is clamped to the disk drive as described in
copending, commonly assigned and concurrently filed here

processor 2530. Runout analyzer 2610 sequentially receives
digital position error signal 1699 for each sector in a track,

with, U.S. patent application No. 07/765,358, entitled
"Clamp for Information Storage Disk,” of James Dunckley,
which is incorporated herein by reference in its entirety. The
disk clamp does not apply sufficient pressure on disk 1601
to hold it rigidly in place about the center of rotation 1630
of disk drive 1600. Therefore, if disk drive 1600 is subjected
to vibration or shock, disk 1601 is likely to be radially
displaced and the center of the disk will be displaced from
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true center of rotation 1630. As explained above, the servo
system can not reliably position read/write head 1602 in
these circumstances.
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Thus, according to the principles of this invention, a
secondary servo compensator 2500 (FIG. 25) is provided in
microcontroller 1610. Secondary servo compensator 2500

functions independently of servo compensator 2510 and

provides on-line real-time compensation for disk runout that
occurs during operation of disk drive 1600. Specifically,
servo compensator 2510 receives position error signal 1699
and generates actuator position adjustment signal 2511, as
described above. Simultaneously, secondary servo compen
sator 2500 receives position error signal 1699, and as
described more completely below, analyzes the disk runout
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and simultaneously generates a runout compensation signal

2501 during operation of disk drive 1600, i.e., while disk
drive 1600 is idle, reading, or writing.
Actuator signal generator 2520 combines actuator adjust

ment signal 2511 that is generated using position error signal
1699 from sector "i" and runout compensation signal 2501
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i.e., for each sector in a revolution of disk 1601. Position

error signal 1699 contains many harmonic and non-repeti
tive components for disturbances other than runout, such as
windage, bearing noise and servo settling transients. For
example, FIG. 27A illustrates a typical position error signal
1699. Runout analyzer 2610 filters position error signal
1699 to obtain the fundamental runout frequency sector by
SectOI.
The filtering process in runout analyzer 2610 preferably
starts with the index sector and proceeds for each sector in
a track. The filtering process separates the sector runout
component from the position error signal during the sector
period. The sector runout component for each sector in a
predetermined number of analysis revolutions n of disk 1601
are accumulated in memory 2550, i.e., each sector runout
component is added to the sum of sector runout components
stored in memory 2550.
After all the sectors in the predetermined number of
analysis revolutions n are processed, runout analyzer 2610
produces an averaged value of the sector runout components
accumulated in memory 2550. The averaged value is a
runout factor that is also stored in memory 2550. As
explained more completely below, during the predetermined
number of analysis revolutions n, runout compensation
generator 2620 is continuously generating, sector by sector,
runout compensation signal 2501.
As the next revolution of disk 1601 starts after the

predetermined number of analysis revolutions n, the sector

